INTRODUCTION
Thraustochytrids are cosmopolitan non-photosynthetic stramenopile protists (Honda et al. 1999) . They have been frequently observed in and isolated from seawater, sediments, algal and plant materials both as saprotrophs and parasites (Porter 1989) . Naganuma et al. (1998) estimated the abundance of thraustochytrids in the Seto Inland Sea of Japan, and demonstrated that their biovolume in coastal waters could reach 43% of the bacterial biovolume. In addition, thraustochytrids are known to produce large amounts of polyunsaturated fatty acids such as docosahexaenoic acid and docosapentaenoic acid (Nakahara et al. 1996) , which are important food resources for higher organisms in marine systems (Kimura et al. 1999 , Raghukumar 2002 . Furthermore, some species of thraustochytrids are pathogens of mollusks, such as octopuses and shellfish (Polglase 1980 , Ragan et al. 2000 . Because of their ubiquitousness and ability to utilize a wide variety of organic substrates their ecological significance in the coastal ecosystems has been highlighted (Raghukumar 2002) .
On the other hand, large numbers of viruses and virus-like particles (VLPs) have been discovered in a variety of phytoplankton and bacteria, and they are recognized as important agents in controlling bacterial and algal biomasses (Proctor & Fuhrman 1990 , Brussaard 2004 , in nutrient cycling (Wilhelm & Suttle 1999) , and in maintaining biodiversity of bacteria and microalgae (Fuhrman 1999 , Brussaard 2004 . To date, more than 13 viruses infecting marine eukaryotic microalgae have been isolated and characterized. The majority are large 100 to 200 nm icosahedral double-stranded DNA (dsDNA) viruses that are included in the family Phycodnaviridae (Wilson et al. 2005) or are considered most likely belonging to this family (Brussaard 2004) .
The relationship between colorless protists and their viruses is poorly understood. Nagasaki et al. (1993 Nagasaki et al. ( , 1995 observed VLPs in marine apochlorotic flagellates, and suggested that viral infection might be one of the factors affecting their dynamics. Garza & Suttle (1995) isolated and characterized a large dsDNA virus infecting a marine heterotrophic nanoflagellate (later shown to be Cafeteria sp.), which also shared some characteristics with those belonging to the family Phycodnaviridae. Recently, an extremely large dsDNA virus (750 nm, 1.2 Mbp) was found infecting amoebae and named Mimivirus, and a genomic analysis was performed (Raoult et al. 2004) . Based on phylogenetic analysis of the DNA polymerase amino acid sequence, the Mimivirus formed a sister group with the Family Phycodnaviridae (Iyer et al. 2006) . With respect to fungoid protists, Dawe & Kuhn (1983) succeeded in inducing viruses from Hypochytridiales by thermal treatment; they were icosahedral, 60 nm in diameter and had a dsDNA genome. In the case of thraustochytrids, Kazama & Schornstein (1973) discovered herpes-type VLPs in Thraustochytrium sp.; they were roundish, enveloped, 110 nm in diameter, and predicted to have a DNA genome. However, because the VLPs were not successfully cultured, further studies were not conducted.
Previously, we reported on a novel single-stranded RNA (ssRNA) virus infecting the thraustochytrid Aurantiochytrium sp. NIBH N1-27 (formerly Schizochytrium sp. NIBH N1-27, see ) and designated the virus as Schizochytrium single-stranded RNA virus (SssRNAV: ca. 25 nm in diameter, ca. 9 kb ss-RNA genome) (Takao et al. 2005 (Takao et al. , 2006 . The wide distribution range of SssRNAV and its host suggested that they have an ecologically close relationship with each other in coastal areas (Y. Takao et al. unpubl. data) .
In the present study, we describe the isolation and fundamental characterization of a novel dsDNA virus infecting Sicyoidochytrium minutum strain NBRC 102975 (MBIC 11071) (formerly Ulkenia minuta, see ). To our knowledge, this is the first report describing the biological properties of a DNA virus infecting marine fungoid protists.
MATERIALS AND METHODS

Microorganism cultures.
Strains of thraustochytrids and other microorganisms used in this study are listed in Table 1 . All of them are clonal, established by the micropipetting method or an extinction dilution method. Thraustochytrids were grown at 20°C in 10× medium-H (medium-H = 0.2% glucose, 0.02% yeast extract, 0.05% monosodium glutamate in seawater). Other organisms were grown at 20°C in modified SWM-3 (Chen et al. 1969 , Imai & Itoh 1987 . For cultivation of phytoplankton, light conditions were set at a 12:12 h light:dark cycle at 55 µmol photons m -2 s -1 with cool white fluorescent illumination.
Isolation of lytic viruses. Surface water was collected in the Shukugawa River estuary, Hyogo Prefecture, Japan, on 29 July 2003. It was filtered through a 0.2 µm pore-size filter (Nuclepore) to remove eukaryotic microorganisms and most bacteria. Aliquots (100 µl) of the filtrate were inoculated into exponentially growing cultures (150 µl) of the thraustochytrid strains shown in Table 1 , and incubated at 20°C. Cultures inoculated with the filtrates treated at 121°C for 15 min served as controls. Test cultures and control cultures were checked by optical microscopy for 14 d to examine whether cell lysis occurred. An apparent growth inhibition was detected in the Sicyoidochytrium minutum strain NBRC 102975 culture inoculated with the filtrate; in contrast, no lysis was observed in the other strains and control cultures. The lytic agent (pathogen) was then made clonal through 2 cycles of the extinction dilution procedure (Suttle 1993) . The lysate in the most diluted well of the second assay was inoculated into a 50 ml fresh culture of S. minutum strain NBRC 102975, and the resultant lysate was filtered through a 0.2 µm pore-size filter (Nuclepore). Then, 0.3 ml of the filtrate was mixed with 1 ml of 10% glycerol in 10× medium-H and cryopreserved at -80°C as the original pathogen suspension. Serial transfers of a lysed culture to an exponentially growing culture of S. minutum strain NBRC 102975 were performed more than twice to verify its transferability. Concentration of the pathogenic agent was estimated by means of the extinction dilution method using the computer program given by Nishihara et al. (1986) .
Host range test.
The host range of the clonal pathogenic agent was examined by adding 100 µl of the original pathogen suspension to each 1 ml culture of the exponentially growing microorganisms listed in Table 1 . Each culture was incubated at its appropriate condition mentioned above and observed by optical microscopy. Cultures that were not lysed after 10 d were regarded as unsuitable hosts for the pathogen.
Growth experiment. In the growth experiments, exponentially growing cultures of the Sicyoidochytrium minutum strain NBRC 102975 were inoculated with the pathogen suspension at an moi (multiplicity of infection) of 6.2 to 6.4. Control cultures, to which an autoclaved (121°C, 15 min) filtrate was added, served for comparison. Aliquots of the cell suspension were sampled every 8 h; then, cell density was estimated by optical microscopy, and the pathogen density was measured by the extinction dilution method (Suttle 1993) . Each experiment was run in triplicate.
Chloroform sensitivity assay. In order to measure the effect of organic solvent on virus infectivity, the chloroform sensitivity assay was conducted in duplicate. Equal volumes of virus suspension and chloroform were mixed by voltex for 15 s and centrifuged at 17 500 × g for 5 min. Then, the aqueous phase was extracted, and inoculated to exponentially growing cultures of Sicyoidochytrium minutum. Cultures inoculated with chloroform-treated medium and untreated viral suspension served as negative controls and positive controls, respectively. Each culture was incubated under conditions mentioned above and observed by optical microscopy.
Transmission electron microscopy (TEM). To prepare samples of the pathogen for TEM observation, an exponentially growing culture of Sicyoidochytrium minutum strain NBRC 102975 was inoculated with the pathogen; then, aliquots (2 ml) were sampled at 0, 8, 16, and 24 h post inoculation. Each cell suspension was fixed with 5% glutaraldehyde in an equal volume of 0.2 M sucrose and 0.2 M cacodylate buffer and kept on ice for 2 h. Cells were harvested by centrifugation at 640 × g for 2 min. The pellet was rinsed 3 times with 0.2 M cacodylate buffer and post-fixed with 1% buffered OsO 4 for 1.5 h on ice. Following the 3 rinses with the buffer, the pellet was dehydrated in a graded ethanol series (30 to 100%), infiltrated with propylene oxide, and embedded in Spurr's resin (NISSHIN EM). Thin sections were stained with 1% uranyl acetate and 3% lead citrate, and observed at 80 kV using a JEOL JEM-1010 transmission electron microscope. Negatively stained pathogens were also observed by TEM; briefly, the fresh lysate was mounted on a grid (No. 780111630 was removed by filter paper (No. 1, TOYO). Then, 4% uranyl acetate was mounted on the grid for 10 s and the excess dye was removed with the filter paper. After drying the grid in a desiccator for 10 min, negatively stained pathogens were observed by TEM at 80 kV. Particle diameters were estimated based on the negatively stained images. Purification of virions and viral genome. Sicyoidochytrium minutum strain NBRC 102975 culture (1.5 l) was inoculated with 2 ml of fresh pathogen suspension and lysed. The lysates were centrifuged at 14 000 × g for 15 min to remove cellular debris. The supernatant was added with polyethylene glycol 6000 (Wako) to set the final concentration at 10% (w/v), and stored at 4°C overnight. After centrifugation at 3600 × g for 1.5 h, the pellet was suspended in 10 mM phosphate buffer (10 mM Na 2 HPO 4 and 10 mM KH 2 PO 4 in distilled water) and again centrifuged at 100 000 × g for 2 h. This purification process was repeated twice. The pellet was resuspended in 500 µl of distilled water.
The viral genome was extracted by treating the viral suspension with Proteinase K (1 mg ml -1 , Wako Pure Chemical Industries) and sarcosyl (1%; International Technologies) at 55°C for 1.5 h. The aqueous phase was extracted twice with 500 µl of P/C/I (phenol : chloroform : isoamyl alcohol = 25 : 24 : 1). The nucleic acids were precipitated with ethanol, dried and suspended in 50 µl of TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0). To remove the polysaccharide, 750 µl of 2 × CTAB solution (2% CTAB, 100 mM Tris-HCl [pH 8.0], 1.4 M NaCl, 20 mM EDTA, 0.5% 2-mercaptoethanol in distilled water) was added to the suspension and incubated at 65°C for 1h. The aqueous phase was extracted twice with 500 µl of P/C/I. The nucleic acids were precipitated with ethanol, dried and suspended in 50 µl of TE buffer.
Analysis of nucleic acids and proteins. The genome size was estimated by means of PFGE (pulsed-field gel electrophoresis). The 100 µl purified virus suspension was mixed with 700 µl of 1% Agarose-LM (Nacalai Tesque), dispensed into plug molds, and solidified. The plugs were punched out of the molds into a small volume of digestion buffer containing 250 mM EDTA, 1% sodium dodecyl sulfate (SDS) and 1 mg ml -1 Proteinase K (Wako Pure Chemical Industries), and then incubated overnight at 50°C. The digestion buffer was decanted and the plugs were washed 8 times for 1 h in TE buffer (stored at 4°C). The plugs were placed in wells of 1.2% SeaKem Gold agarose (FMC-Bioproducts) in 0.5 × TBE gel buffer (90 mM Tris-borate, 1 mM EDTA, pH 8.0) and overlaid with molten 0.5% Agarose-LM. Agarose plugs containing lambdaphage concatemers (Promega) were used as a molecular weight standard. The samples were electrophoresed using a Gene Navigator System (Amersham Biosciences) at 180 V with pulse ramps 30 s to 30 s at 14°C for 16 h in 0.5 × TBE tank buffer (45 mM Tris-borate, 1 mM EDTA, pH 8.0). Following electrophoresis, nucleic acids were visualized by staining for 1 h with SYBR Gold (Molecular Probes).
The genome type was determined by a nuclease treatment test. Aliquots (7 µl each) of the purified genome suspensions were digested with RNase A (Nippon Gene) at 0.05 g µl -1 , DNase I (Promega) at 0.5 U µl -1 at 37°C for 1 h, or with S1 nuclease (Takara Bio) at 0.7 U µl -1 at 23°C for 15 min. The samples were then electrophoresed in 1% (W/V) Agarose S gels (Nippon Gene). Nucleic acid extractions held on ice without enzymatic treatment served as controls. Nucleic acids were visualized by using ethidium bromide staining.
The purified virus suspension was mixed with onethird volume of 4 × sample buffer (62.5 mM Tris-HCl, 5% 2-mercaptoethanol, 2% SDS, 20% glycerol and 0.005% bromophenol blue), boiled for 5 min and sonicated for 1 min. The proteins were then separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (80 × 40 × 1.0 mm, 12.5% gradient polyacrylamide gel, 150 V) using an XV PAN-TERA SYSTEM (DRC). Proteins were visualized by Coomassie brilliant blue staining. Protein molecular weight standards (DRC) ranging from 6.5 to 200 kDa were used for size calibration.
RESULTS AND DISCUSSION
Virus isolation and its host range
A pathogenic agent causing lysis of Sicyoidochytrium minutum strain NBRC 102975 was isolated from the surface water of the Shukugawa River estuary, Hyogo Prefecture, Japan. The pathogen was serially transferable to fresh host cultures, where more than 98% of host cells were lysed within 40 h post inoculation (Fig. 1) .
By negative staining TEM, squashed ball-like VLPs were found in the lysate of NBRC 102975 culture inoculated with the pathogen (Fig. 2A) . Although healthy cells of NBRC 102975 in the control cultures had cytoplasmic structures diagnostic of thraustochytrids, and showed no symptoms of viral infection (Fig. 2B) , VLPs similar in size to those in the lysate were also observed in the cytoplasm of NBRC 102975 cells inoculated with the pathogen (Fig. 2C-E ). These results demonstrate that (1) the pathogen was transferable to a fresh culture causing cell lysis, (2) the VLPs specifically appeared in lysed cultures, and (3) the VLPs were not detected in healthy cultures, thus fulfilling Koch's postulates. Therefore, the VLP was revealed to be a virus infecting NBRC 102975. We have designated this virus SmDNAV (Sicyoidochytrium minutum DNA virus).
SmDNAV caused lysis of 2 Sicyoidochytrium minutum strains tested in this study (NBRC 102975 and SEK 0354) (Table 1) (Takao et al. 2005) . By contrast, SmDNAV showed no effect on the other thraustochytrid strains including those sensitive to SssRNAV (Table 1) (Takao et al. 2005) . SmDNAV infecting the S. minutum strain SEK 0354 was isolated from Malaysia. This suggests that the host-virus system is distributed over a wide geographic area (tropical and temperate seas). 
TEM observations
In the SmDNAV-infected cells, viral accumulation occurred in the cytoplasm, where the newly generated virions were roundish (126 ± 7 nm in diameter; average ± standard deviation, n = 30) (Fig. 2C-E) . They often formed crystalline arrays (Fig. 2D) or random aggregations (Fig. 2C ) in host cytoplasm. Occasionally they coexisted with double-membraned VLPs (Fig. 2E) , which may be immature virions. In addition, in the early stage of viral infection, virus particles were formed close to the damaged periphery of the nucleus (Fig. 2F) , and nuclei were not found in cells whose cytoplasm was occupied with mature virions (data not shown). These data suggest that a great deal of nuclear damage is caused by SmDNAV-infection.
The virions released from the host cells looked elliptical in thin sections (141 ± 5 nm and 98 ± 7 nm; n = 30) (Fig. 2C) . The size is consistent with the negatively stained mature virions (146 ± 10 nm and 112 ± 10 nm; n = 50) ( Fig. 2A) . Hence, it was considered that once they were released into the ambient seawater environment (medium), the roundish virions changed their forms into the 'squashed ball-like' appearance. The squashed ball-like virions were occasionally observed in the mostly lysed cells (data not shown). The mechanism driving this remarkable morphological change has not been elucidated; differences in osmotic pressure between intracellular condition and ambient condition might be one of the causes.
The morphology of SmDNAV differs considerably from other viruses, e.g. icosahedral viruses (family Phycodnaviridae, Iridoviridae and Hypochytridialesinfecting virus) (Dawe & Kuhn 1983 , Chinchar et al. 2005 , Wilson et al. 2005 , non-icosahedral viruses (family Ascoviridae, Poxviridae) (Buller et al. 2005 , Federici et al. 2005 , and the herpes-type VLPs previously found in Thraustochytrium sp. (Kazama & Schornstein 1973) . The morphology of the family Fuselloviridae and the genus Salterprovirus looks similar to SmD-NAV; however, these are infectious to prokaryotes and have a short tail (Bath & Dyall-Smith 2005 , Stedman 2005 ). Because of these observations, it is suggested that SmDNAV is distinct from any previously known dsDNA viruses.
Replication of SmDNAV
In the triplicate growth experiment, a rapid decrease in host cell abundance within 8 h post inoculation was accompanied by a rapid increase in viral titer (Fig. 3) . Consequently, the latent period and the burst size of SmDNAV was estimated at 8 to 16 h and 3.6 to 10.6 × 10 2 infectious units cell
. The latent period of SmD-NAV is shorter than that of marine phycodnaviruses, which infect microalgae (Brussaard 2004) , and compares with that of SssRNAV (< 8 h) (Takao et al. 2005) . The burst size of SmDNAV is comparable to that of microalgal dsDNA viruses (Brussaard 2004) , but is much less than that of SssRNAV (5.8 × 10 3 to 6.4 × 10 4 infectious units cell -1 ) (Takao et al. 2005) . Besides, SmDNAV lost infectivity in the chloroform treatment (data not shown); this suggests that the virions have a lipid-containing component that is required for their infectivity.
Genome and proteins of SmDNAV
Nucleic acid purified from SmDNAV was sensitive to DNase I but resistant to RNase A and S1 nuclease (Fig. 4A) , indicating that SmDNAV genome is a dsDNA. By PFGE, the SmDNAV genome was estimated to be ~200 kbp in length (Fig. 4B ). This genome size is similar to that of other dsDNA viruses infecting eukaryotic algae (the family Phycodnaviridae) (Wilson et al. 2005 , Claverie et al. 2006 . By contrast, the genome sizes of the family Fuselloviridae (14.7 to 17.8 kbp) and the genus Salterprovirus (14.5 kbp) are much smaller than that of SmDNAV (Bath & DyallSmith 2005 , Stedman 2005 ).
The protein analysis showed that SmDNAV had one major protein of 20.5 kDa in molecular weight; the second major band was 28 kDa; minor proteins of 86.5, 56.5 and 40 kDa were also observed. (Fig. 5) . 
Implications
SmDNAV is a novel dsDNA virus which infects the marine fungoid protist Sicyoidochytrium minutum, strain NBRC 102975. The characteristics of SmDNAV are quite different from those of SssRNAV that infects Aurantiochytlium sp., herpes-type VLPs of Thraustochytrium sp. and any other previously known dsDNA viruses (Kazama & Schornstein 1973 , Takao et al. 2005 . Although further genomic study is necessary to determine its taxonomic position, SmDNAV should be recognized as a member of the previously unknown viruses. This is the second report of viruses infecting thraustochytrids that have been cultured. The difference in the phylogenetic position of host strains and replication ability of SmDNAV and SssRNAV are notable when considering their ecology. It indicates that at least 2 distinctive thraustochytrid-virus systems coexist in the coastal ecosystem. Further ecological study is required to reveal the relationships of these host-virus systems, and it should lead to further understanding of the detailed ecology of thraustochytrids. 
